Coastal wetlands are a crucial buffer zone between land and sea but lateral erosion threatens their long-term sustainability. Better understanding of the forces leading to lateral marsh retreat will benefit the assessment of management options applied to mitigate the erosion. Terrestrial Laser Scanning (TLS), Light Detection and Ranging (lidar), and associated technologies are increasingly being used to assess this erosion. The central objective of this study was to identify a methodology for measuring marsh edge erosion with a TLS and correlate that erosion with exposed roots and incident wave energy. We quantified edge erosion across multiple temporal and spatial scales using a TLS, showing greater than one meter of lateral erosion over a 318-day period. We then evaluated the relationships between the erosion and incident wave energy along with erosion and vegetation roots. Wave height and erosion was strongly related (r 2 = 0.99), while vegetation roots did not show an apparent effect. We discuss the challenges that arise from using TLS equipment, TLS data sets, and the use of voxels to measure marsh edge erosion. changes, and dune erosion and wave overtopping [14] [15] [16] [17] [18] [19] . Nguyen et al. (2016 Nguyen et al. ( -2018 used voxelization at varying scales along with k-means to classify voxels [20, 21] . This showed the potential for terrestrial lidar to be classified in similar methods to traditional aerial imagery. However, Nguyen et al. (2016 Nguyen et al. ( -2018 were still studying the surface of the marsh and not the retreating edge [20, 21] . TLS was used to measure retreating cliff edges by Olson et al. who showed a 30 percent measurement improvement of terrestrial lidar over aerial lidar when measuring cliff edge erosion [14] . To our knowledge, use of lidar to quantify salt marsh edge erosion and tie it to the responsible physical factors is relatively limited.
Introduction
Coastal zones are in a constant state of physical and geological flux caused by tidal activity, sea level rise, and high energy events such as strong storms. Wave erosion threatens wetland ecosystems and can have negative impacts on the provision of ecosystem services to people and the surrounding environment [1] . Wind waves in estuaries and shallow bays can be influenced by wind speed, wind direction, fetch distance, and water depth [2] . Wave height and water level are strong contributors to the lateral erosion of salt marsh edges [3] [4] [5] [6] . Still, questions remain about the best way to predict and measure the influence of contributing factors, such as vegetation or gravity-induced slumping, to overall marsh edge retreat [7] [8] [9] [10] [11] .
Some previous studies have quantified marsh edge retreat using Unmanned Aerial Systems (UAS) [12, 13] . Images are quickly gathered and are of a much higher spatial resolution than traditional aerial photography, resulting in the ability to study marsh edge retreat caused by individual storm events. However, the images gathered by both methods are usually nadir-oriented, only allowing for a two-dimensional assessment of marsh retreat with little information about the vertical edge. Methods such as structure from motion (SfM) can give a three-dimensional product useful for surface topographic modeling. However, this method is not applicable to most salt marsh edge erosion studies due to soil and plants overhanging the scarped marsh edge. This overhang creates a shadow in the imagery. To minimize the shadowing an angle close to 90 degrees from the scarped edge is desirable for data acquisition.
Terrestrial Laser Scanning (TLS) with Light Detection and Ranging (lidar) has been used to three-dimensionally measure coastal cliff geometry, salt marsh morphology, beach and sediment volume Remote Sens. 2019, 11, x FOR PEER REVIEW  2 of 12 voxelization at varying scales along with k-means to classify voxels [20, 21] . This showed the potential for terrestrial lidar to be classified in similar methods to traditional aerial imagery. However, Nguyen et al. (2016 Nguyen et al. ( -2018 were still studying the surface of the marsh and not the retreating edge [20, 21] . TLS was used to measure retreating cliff edges by Olson et al. who showed a 30 percent measurement improvement of terrestrial lidar over aerial lidar when measuring cliff edge erosion [14] . To our knowledge, use of lidar to quantify salt marsh edge erosion and tie it to the responsible physical factors is relatively limited.
The central objective of this study was to establish a method that was capable of measuring marsh edge erosion accurately and correlating erosion with root presence and wave energy. To accomplish this, the first objective was to quantify tidal marsh edge erosion across temporal and spatial scales using a TLS. The second objective was to evaluate the relationships between marsh edge erosion and two factors, root presence and incident wave energy. To measure each factor and test for correlations, several novel methods were used.
Methods

Terrestrial Laser Scanning of Erosion
The study area was located on an eroding edge of a salt marsh wetland known as Anchor Bay (Figure 1 ), located at the terrestrial-aquatic interface of Galveston Island, Texas, and West Galveston Bay (also known as West Bay). Galveston Island is a barrier island on the Texas Gulf Coast, located about 50 miles southeast of Houston, Texas, U.S.A. The island stretches 43.5 km long by 5 km wide at its widest point. The island is oriented northeast-southwest, with the Gulf of Mexico bordering on the east and south, West Bay on the west, and Galveston Bay towards the north. Remote Sens. 2019, 11, 2208 3 of 12 TLS scans were conducted to create a 3D model of the marsh edge at multiple dates (26 February, 2015; 6 March, 2015; 30 April, 2015; 24 August, 2015 ; and 10 January, 2016). These scans included both a high resolution photographic picture and distance measurements recorded using lidar technology.
For each scan, a Leica ScanStation 2 equipped with a 3R (IEC-60825-1) visible green laser with a maximum average radiant power of 1.5 mW (wavelength 400-700 nm) was used on a tripod stationed on a survey benchmark set approximately 8 m from the marsh edge in the water (Figure 2 ). A 2 cm point spacing was selected as a compromise between scanning speed and resolution. Before the study began, we developed a novel and semi-permanent benchmark that followed the standard USGS methods for unconsolidated marshes, but was modified for placement in the submerged water off the marsh edge [22] . A survey tripod with a central pole was used to ensure the tripod was stationed directly above the survey marker. This central pole was shorter than normal which allowed the 3 tripod legs to be placed deep into the soft substrate while the central pole still contacted the underwater survey marker.
TLS scans were conducted to create a 3D model of the marsh edge at multiple dates (26 February, 2015; 6 March, 2015; 30 April, 2015; 24 August, 2015 ; and 10 January, 2016). These scans included both a high resolution photographic picture and distance measurements recorded using lidar technology.
For each scan, a Leica ScanStation 2 equipped with a 3R (IEC-60825-1) visible green laser with a maximum average radiant power of 1.5 mW (wavelength 400-700 nm) was used on a tripod stationed on a survey benchmark set approximately 8 m from the marsh edge in the water ( Figure 2 ). A 2 cm point spacing was selected as a compromise between scanning speed and resolution. Before the study began, we developed a novel and semi-permanent benchmark that followed the standard USGS methods for unconsolidated marshes, but was modified for placement in the submerged water off the marsh edge [22] . A survey tripod with a central pole was used to ensure the tripod was stationed directly above the survey marker. This central pole was shorter than normal which allowed the 3 tripod legs to be placed deep into the soft substrate while the central pole still contacted the underwater survey marker.
To minimize geo-referencing errors, benchmarks were constructed following standard USGS methods for unconsolidated marshes, and reflective targets were placed on top of them [22] . Additional survey stakes and PVC pipes were placed on the left and right outer edge of the site boundary. A 0.02 m horizontal and 0.02 m vertical point spacing (set at 8 m of distance) was used to scan the marsh edge. Co-located, high-resolution photographic images were also collected during each scan. Point cloud post-processing was conducted in CloudCompare 2.6.1 [23] . Each point cloud was co-registered using a manual point pair-picking method, and a transformation matrix was then applied. Any points that were associated with the above ground portions of vegetation (stems, leaves, flowering portions) were removed along with any erroneous returns.
TLS Scanner
Lidar Targets To minimize geo-referencing errors, benchmarks were constructed following standard USGS methods for unconsolidated marshes, and reflective targets were placed on top of them [22] . Additional survey stakes and PVC pipes were placed on the left and right outer edge of the site boundary. A 0.02 m horizontal and 0.02 m vertical point spacing (set at 8 m of distance) was used to scan the marsh edge. Co-located, high-resolution photographic images were also collected during each scan.
Point cloud post-processing was conducted in CloudCompare 2.6.1 [23] . Each point cloud was co-registered using a manual point pair-picking method, and a transformation matrix was then applied.
Any points that were associated with the above ground portions of vegetation (stems, leaves, flowering portions) were removed along with any erroneous returns.
The point cloud from the first collection date was then compared with all subsequent dates using the Cloud-to-Cloud (C2C) algorithm [24] . We called these comparisons interval 1 (i.e., difference between 26 February, 2015 and 6 March, 2015), interval 2, interval 3, and interval 4. With C2C, the change between two datasets was estimated by calculating the distances between the two point clouds, while also avoiding the problems commonly associated with raster analysis such as gridding or meshing of point clouds. The Multiscale Model to Model Cloud Comparison (M3C2) algorithm was also used [24, 25] . With M3C2, the distances between the point clouds were calculated using local point cloud normals, requiring user-defined normal scale (0.02 m) projection scale (2.5 m), and maximum cylinder depth (2.5 m). Point cloud normals were fixed in the horizontal direction and core point subsets were not utilized. For M3C2, registration errors for the comparative datasets were defined as: Interval 1 (0.05 m), interval 2 (0.12 m), interval 3 (0.11 m), and interval 4 (0.04 m).
Voxel Analysis: Correlating Roots with Erosion
We sought to relate the erosion measured by the TLS distance measurements with the number of roots visible in the co-located, high-resolution photographic images. First, roots and other features were manually identified by picking visually identified points in the images using ENVI 5.1, and regions of interest (ROI) were established such that individual points were identified as belonging to one of four possible classes: (1) Roots, (2) soil, (3) flare roots, and (4) flare soil. "Flare roots" and "flare soil" were those respective features that appeared abnormally bright due to the glare of the sun in some portions of the imagery. The red band, green band, and blue band values for the points were documented. In general, flare locations were abnormally high in the RGB values. Reference pixels were selected from each class and a histogram comparison of the imagery bands were conducted to find the proper color ranges using R 2.1. The histograms from each band then were fed through a simple decision tree classification script built in R 2.1 to sort points into the four possible classes. The result of this comparison showed that the band values for all colors needed to fall between 55 and 80 based on an 8-bit band resolution to be classified as roots. The decision tree script used a simple "if else" decision structure. For example, for a voxel to be classified as "roots", the red band values fell between 55 and 80, the green band values fell between 55 and 80, and the blue band fell between 55 and 80. If all of these filters were met then the voxel was determined to be a root. This method was repeated for each class using unique ranges. The most conservative value range was 55 to 80 and reduced the possibility of false positives with regards to classifying roots. This approach minimized the commission errors within the soil class to 2.49% and the two flare classes to 0% (Table 1) . Table 1 . Accuracy assessment for the root classification effort listing the percentage of time that a commission error occurred for a given class by band. We then sought to identify whether the lateral erosion within subsampled portions of the TLS scene (using the lidar distance measurements) were correlated with the proportion of root points within those same subsampled portions (using the classification effort based on the photographic Remote Sens. 2019, 11, 2208 5 of 12 images). To accomplish this, a custom script in R Studio 2.1 was written to identify the number of root-classified points and the average amount of erosion within corresponding voxels (i.e., volumetric pixels) across the entire TLS scene [26] . This analysis was conducted using four sets of voxel sizes, over each of the time intervals: 5 cm × 5 cm, 10 cm × 10 cm, 50 cm × 50 cm, and 100 cm × 100 cm. Statistical regression was then conducted for each scale and time interval separately, where the average erosion was assumed dependent to the number of root points per voxel. Results were assessed with r-squares and p-values.
Was a Commission Error Made and What Percent of the Time did It Happen
Correlating Incident Waves with Erosion
We also sought to determine if the lateral erosion was related to the wave energy that intercepted the marsh edge. To measure waves, an ultrasonic wave sensor (T30UXUB, Banner Engineering, Inc.) was placed approximately 5 m offshore from the marsh edge for a duration of nine days (10 December to 18 December, 2015) , with a sample rate of 20 Hz. A custom script in R 2.1 was used to convert the collected sensor data from voltage to water level in cm, based on a distance calibration set up before the sensor was placed into the field [26] . During the time period in the field, a large range of sea state conditions were encountered, with wind occurring from every cardinal and primary intercardinal direction and speeds ranging from 5.6 kph to 39 kph, arising across a maximum fetch of approximately 6.25 km.
A 1-minute subset was extracted from each 2-hour interval of data for subsequent analysis. A total of 118 1-minute subsets, each containing 1200 data points, were extracted and compiled. MATLAB toolboxes were then utilized on each subset to smooth noise and data spikes, and calculate the free surface elevation power spectral density, significant wave height (Hm0), wave frequency (Tp), and wave period (fp) [27, 28] .
To identify a possible relationship between these 1-minute wave statistics and wind forces during those times, hourly wind speed and wind direction data were acquired from the Scholes International airport weather station in Galveston (~7.3 km distance from the wave sensor location). Wind directional groups (WDGs) were created and grouped for analysis as follows: Wind direction group 1 (WDG 1) includes ENE, NE, NNE, and N; wind direction group 2 (WDG 2) includes NNW, NW, WNW, and W; and wind direction group 3 (WDG 3) includes WSW, SW, SSW, S, SSE, SE, ESE, and E. For each WDG, recorded wave heights were regressed linearly with recorded wind speed with r-squared used for goodness of fit and p-value used for significance ( Figure 3 ). The resulting regression equations constituted a model that could be used for hindcasting back in time, or forecasting forward in time.
The WDG model equations were identified as follows:
Wind data was then fed into the equation with the corresponding wind direction for all available times within the 318-day period of the wave record. The predicted wave heights were then summed cumulatively over the period. 
Wind data was then fed into the equation with the corresponding wind direction for all available times within the 318-day period of the wave record. The predicted wave heights were then summed cumulatively over the period.
Results
Lateral erosion of the marsh edge increased substantially over time (Table 2) , and the increasing trend was similarly recorded by the C2C and M3C2 metrics. Erosion was generally related to the duration of each interval, with less erosion over shorter time periods with each time interval overlapping (interval 1 was 6 days long, interval 2 was 63 days long, interval 3 was 179 days long, and interval 4 was 318 days long). The time frames were selected and compared to measure the cumulative linear relationship between erosion and waves, as this was of interest to other related research where we are building an equation to estimate erosion over different time scales. C2C and M3C2 erosion estimates were correlated with an r 2 = 0.93, with C2C under estimating M3C2 by 
Lateral erosion of the marsh edge increased substantially over time (Table 2) , and the increasing trend was similarly recorded by the C2C and M3C2 metrics. Erosion was generally related to the duration of each interval, with less erosion over shorter time periods with each time interval overlapping (interval 1 was 6 days long, interval 2 was 63 days long, interval 3 was 179 days long, and interval 4 was 318 days long). The time frames were selected and compared to measure the cumulative linear relationship between erosion and waves, as this was of interest to other related research where we are building an equation to estimate erosion over different time scales. C2C and M3C2 erosion estimates were correlated with an r 2 = 0.93, with C2C under estimating M3C2 by −0.2313 m on average. M3C2 produced a greater erosion value of 1.301 m of erosion in the landward direction in the 318-day period.
The spatial patterning of erosion was similarly recorded by the C2C metric (Figure 4a-d) as compared with the M3C2 (Figure 5a-d) metric. The patterning of the erosion visually appeared to match up with the undulating topography of the edge, such that protruding portions eroded more quickly than small embayments, as best expressed in Figure 4c . In general, the erosion recorded by the two metrics was greatest on the left (east) side of the scanned marsh edge. The spatial patterning of erosion was similarly recorded by the C2C metric (Figure 4a-d) as compared with the M3C2 (Figure 5a-d) metric. The patterning of the erosion visually appeared to match up with the undulating topography of the edge, such that protruding portions eroded more quickly than small embayments, as best expressed in Figure 4c . In general, the erosion recorded by the two metrics was greatest on the left (east) side of the scanned marsh edge.
The root classification and voxelization analysis produced no clear relationship between root location and cumulative erosion, so we do not show the detailed results here. However, the method in general proved to be valid for combining lidar and traditional classification methods to produce a classified voxel that retained the appropriate spatial data along with attributes from the classification itself. The challenges of having very bright 'flare' sections of the image caused a reduction in the ability to classify the image as a whole. However, breaking up the image into different flare and nonflare areas improved the estimation along with using all RGB bands in the classification (Table 1 ). Using the hindcast wind wave model that was constructed, the fit was strong between C2C erosion metric during a given interval with the cumulative significant wave height during that same interval (r 2 = 0.95) and the M3C2 metric was still more strongly correlated at r 2 = 0.99. While the relationships were strong, we note that the sample size for each consisted of four data points, as limited by the number of TLS sample intervals. Nevertheless, the fit was good. In addition, the cumulative significant wave height within each interval was strongly related with the number of days within each interval at r 2 = 0.99. 
Discussion
Lessons Learned
Lidar proved useful in quantifying cm scale erosion, and we found a strong relationship between The root classification and voxelization analysis produced no clear relationship between root location and cumulative erosion, so we do not show the detailed results here. However, the method in general proved to be valid for combining lidar and traditional classification methods to produce a classified voxel that retained the appropriate spatial data along with attributes from the classification itself. The challenges of having very bright 'flare' sections of the image caused a reduction in the ability to classify the image as a whole. However, breaking up the image into different flare and non-flare areas improved the estimation along with using all RGB bands in the classification (Table 1) .
Using the hindcast wind wave model that was constructed, the fit was strong between C2C erosion metric during a given interval with the cumulative significant wave height during that same interval (r 2 = 0.95) and the M3C2 metric was still more strongly correlated at r 2 = 0.99. While the relationships were strong, we note that the sample size for each consisted of four data points, as limited by the number of TLS sample intervals. Nevertheless, the fit was good. In addition, the cumulative significant wave height within each interval was strongly related with the number of days within each interval at r 2 = 0.99.
Discussion
Lessons Learned
Lidar proved useful in quantifying cm scale erosion, and we found a strong relationship between erosion and wave energy. Lidar has been often used to measure changes occurring over an interval of time, but in this case we used it along with the voxel procedure and hindcast model to ask questions about the driving factors related to marsh edge retreat.
Using this methodology, we determined that lateral marsh retreat is linearly related to cumulative wave height. The management implication is that areas protected by an offshore breakwater or living shoreline could still experience considerable erosion if a large number of small waves are able to form behind the structure. Further research will need to be done to determine if this linear trend holds with other vertical terrestrial-to-water interfaces with different soil types. We are conducting further research to explore if a more universal relationship can be acquired from this study.
The strong relationship between wind speed, direction, and cumulative wave height supported the notion that waves arriving from the northwest during cold fronts are particularly responsible for erosion at our study site. The regression conducted herein did not specify the size or form of the incoming waves and the resulting erosion from individual waves, but rather showed that accumulating both large and small waves over time explained approximately 99% (r 2 = 0.99) of the observed erosion. Using the logic that cumulative wave height was linearly related to erosion, we are currently investigating whether individual waves contribute to erosion in a manner proportional to their size and breaking form in a separate study.
One interesting characteristic was that along the undulating shoreline (as can be seen in Figure 2 ), small protrusions of land approximately 0.5 m in length eroded faster than adjacent small embayments. Due to this pattern of erosion over time, one would expect that the shoreline would become linear rather than undulating. More research would be needed to develop a theory as to why this does not occur. However, one option is that the soil's resistivity to erosion is heterogeneously-distributed. Upon initial wave attack, some areas with weak soil cohesion erode quickly and become embayments. The bathymetry changes and the embayments are then more protected from direct wave attack. Conversely, the protrusions are then subjected to increased wave energy, and erode quickly, as recorded by our TLS at the time that we did the research. This phenomenon does certainly happen at larger spatial scales as well, where the left side of our general study area was slightly less exposed and the right side was more of a peninsula.
Another possible explanation is that the 0.5 m size of the undulations accords with the size at which chunks typically break off. In our visual observations, the edge usually failed in larger blocks of approximately this size. The scale of this failure could be due to roots holding the soil together in chunks of this size. We feel it is more likely that 0.5 m is the approximate scale at which slumping, caused by the weight of the soil along the vertical edge, exerts itself laterally back into the marsh platform, causing a seam to form and a chunk to break off. This process would then cause an undulating and irregular pattern.
Another possible explanation is that the scale of the undulations could match a cross-shore distribution of oscillatory wave energy, driven by infragravity motion. Indeed velocities measurements that we have conducted for related work show that there appears to be an infragravity beat that is moving cross-shore.
While no clear relationship could be gleaned from the comparison of root concentration and erosion, the method did provide the framework for further exploration and development of the analysis method that we used. Classifying voxels using R was effective computationally but many of the R software packages providing voxelization capabilities proved to be too cumbersome or hindered the scope of our application. Predominantly lidar packages in R and other languages are developed for aerial lidar and are mainly focused on forestry applications. Many of these packages make assumptions about point cloud orientation, assuming them to be more or less vertical (i.e., with the lidar collection obtained from an airplane or satellite as the platform). However, when measuring edges with a TLS, the point cloud is oriented differently, often 90 degrees off from the expectations of these packages. The point clouds can be transposed so that the vertical scarp face becomes the horizontal surface, but proper geospatial referencing is lost. These packages often provided impressive data visualization capabilities such as the VoxR packages, but they were either built for general application and produced only limited statistical output, or they were built for a specific application and our dataset was not transferable to their framework [29] . These limitations and the uniqueness of our dataset required us to develop a script that classified and assigned the point cloud data to voxels. Importantly, we were only interested using voxels as a way to group and compare data over time at different scales.
Difficulties also emerged when classifying the imagery data derived from the photographs taken by the TLS. For each point in the point cloud, the Leica ScanStation 2 provided the intensity and imagery data that was then used to classify the points. The classification procedure was similar to a traditional land cover classification but there were several limitations introduced by the hardware. The ScanStation 2 used a fixed exposure during acquisition which works when inside buildings or scanning at mid-day. However, for early morning or late afternoon scans, glare becomes an issue due to the angle of the sun. The times when we conducted the scans were dictated by the tidal range (an extreme low tide was required) rather than the potential for glare. Due to these tides occurring often in the early morning during this study, the photos were often overexposed when the scanner was pointed towards the rising sun and underexposed when pointed away. This fact led to large variance of imagery band values within a single class. To counteract the image "flares", we extracted smaller frames from the scan image and classified them separately, but this did not fully resolve the problem. Because we took a conservative classification approach, many points were excluded.
As an additional problem, the~2 cm point density was too coarse to consistently detect roots. It would have been possible to scan at a higher resolution in the field as the lidar mounting method proved to be quite robust and any fears of waves or wind shifting the scanner proved to be unfounded. However, for consistency sake, a 2 cm point density was used for the duration of the study. Because of the conservative classification approach mentioned above due to glare, the combination of these two problems led to a lower quantity of usable data. Since the current study, we have begun a 1 mm point density for similar research. We should also point out that as a marsh soil material erodes, the roots often remain and "spring" outward from the vertical edge face. When quantifying lateral erosion, if the point data associated with these roots are not removed then some portions of the edge may be erroneously reported as accretion rather than erosion. In the current study, we filtered all roots out before quantifying the erosion. However, in Lo et al. (2017) filtering does not appear to have been conducted, and based on tests with our own data, this can cause large errors [8] .
Both the M3C2 and C2C metrics worked quite well and produced similar results, with M3C2 producing the higher estimate for erosion. In most studies since this one, we have used C2C metric to gather initial distances as it has been easier to use. However, the M3C2 metric allows for a more refined assessment of the distances between the two clouds. Still with the M3C2, we have also had more issues making sure that it is properly parameterized, as small mistakes can cause large errors. Thus, for our research on edge erosion, the C2C metric is more frequently used.
Finally, the manner in which we set up the TLS survey in the field worked quite well and future studies may find it useful to follow the procedures used. It is often difficult to identify the best location to set up a large and expensive piece of equipment, particularly when it is in an aquatic environment where water immersion could result in damage. This setup ensured that the TLS was always in the same position and safely perched above the water.
Conclusions
We found a strong correlation between wave energy and TLS-measured erosion. While a relationship between root concentration and subsequent erosion was not apparent, the methods used to implement the analysis were effective. For the future measurement of marsh edge erosion using TLS, we recommend:
